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METHOD AND APPARATUS FORBALANCING COLOR RESPONSE 

OF IMAGERS 

FIELD OF THE INVENTION 

[0001 ] The present invention relates generaUy to the field of 

semiconductor-based imager devices using micro-lenses, and more particularly to 
the fabrication of an array of micro-lenses. 

BACKGROUND 

[0002] The semiconductor industry currendy uses different types of 

semiconductor-based imagers, such as charge coupled devices (CCDs), CMOS 
active pixel sensors (APS), photodiode arrays, charge injection devices and hybrid 
focal plane arrays, among otiiers, tiiat use an array of micro-lenses. 
Semiconductor-based displays using micro-lenses are also being developed. 

[0003] Micro-lenses may be formed dirough eitiier a subtractive or an 

additive process. In the additive process, a lens material is formed on a substrate 
and subsequendy is formed into a micro-lens shape. 

[0004] In conventional additive micro-lens fabrication, an intermediate 

material is deposited in an array onto a substrate and formed into a micro-lens 
array using a reflow process. Each micro-lens is formed witii a minimum 
distance, typically no less tiian 0.3 microns, between adjacent micro-lenses. Any 
closer than 0.3 micrometers may cause two neighboring micro-lenses to bridge 
during reflow. In die known process, each micro-lens is patterned as a single 
square witii gaps around it. During die reflowing of die patterned square micro- 
lenses, diey form a gel drop in a partially spherical shape driven by die force 
equilibrium of surface tension and gravity. The micro-lenses dien harden in diis 
shape. If die gap between two adjacent gel drops is too narrow, tiiey may touch 
and merge, or bridge, into one larger drop. The effect of bridging is diat it 
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changes the shape of the lenses, which leads to a change in focal length, or more 
precisely the energy distribution in the focal range. A change in the energy 
distribution in the focal range leads to a loss in quantum efficiency of and 
enhanced cross-talk between pixels. The gaps, however, allow unfocused 
photons through the empty spaces in the micro-lens array, leading to increased 
cross-talk between respective photosensors of adjacent pixel ceUs. 

[0005] It is desired to form a micro-lens array having differentiy sized 

micro-lenses. If die known techniques, which use a single reflow step, were used 
to form such micro-lenses, the differentiy sized micro-lenses would have different 
focal lengtiis, which would lead to poor focusing at certain photosensors or to 
tiie need to modify tiie locations of some photosensors. 

[0006] It is desirable to enhance tiie amount of Ught received from tiie 

micro-lenses to die photosensors of an imager. It is also desirable to form a 
micro-lens array witii varied sized micro-lenses, each having a focal lengtii 
optimized for die color or wavelengtii of Ught it is detecting. 

SUMMARY 

[0007] Embodiments of die present invention provide an improved 

micro-lens array. In one exemplary micro-lens array embodiment, die micro-lens 
array includes a first set of micro-lenses comprising a pluraUty of first micro- 
lenses each having a first size, and a second set of micro-lenses comprising a 
plurality of second micro-lenses each having a second size. The sizes of at least 
one of tiie first micro-lenses may be different from tiie sizes of at least one of die 
second micro-lenses. The micro-lens array has Uttie to approximately no space 
between at least one pair of adjacent micro-lenses. 

[0008] An exemplary semiconductor-based imager embodiment 

includes a pixel array and a micro-lens array. The pixel array has embedded pbcel 
ceUs, each widi a photosensor. The micro-lens array has at least one row of 



2 



Docket No.: M4065.0965/P965 



nucro-lenses which includes a first set of micro-lenses comprising a plurahty of 
first micro-lenses each having a first size, and a second set of micro-lenses 
comprising a plurality of second micro-lenses each having a second size, different 
from the first size. The second set of micro-lenses are arranged among the first 
set of micro-lenses. The micro-lens row has Utde to approximately no space 
between adjacent micro-lenses. 

[0009] In an exemplary fabrication embodiment, a method is provided 
for manufacturing a micro-lens array. The method includes the acts of 
patterning a first set of micro-lcns material onto a support, reflowing the first set 
of micro-lens material mrder first reflow condirions, curing the first set of m,cro- 
lens material to form a first set of micro-lenses including a piuraUty of first mtcro- 
lenses, patterning a second set of micro-lens material onto the support, refiowmg 
the second set of micro-lens material under second reflow condidons, which may 
be different from the first conditions, and curing the second set of mrcro-lens 
material to form a second set of micro-lenses including a pluraUty of second 
micro-lenses. 

[0010] These and other features of the various embodiments of the 

invention will be more readily understood from the foUowing detaUed 
description of the invention which is provided in comiection witii the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 is a top view of an array of micro-lens material deposited 

on a substrate in accordance witii an exemplary embodiment of die invention. 

[0012] FIG. 2 is a top view of an array of micro-lenses reflowed and 

cured from the micro-lens material of FIG. 1. 
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[0013] FIG. 3 is a top view of a second array of micro-lens material 

deposited adjacent to the micro-lenses of FIG. 2. 

[0014] FIG. 4 is a top view of a second array of micro-lenses reflowed 

and cured from the second micro-lens material of FIG. 3. 

[0015] FIG. 5 is a top view of a third array of micro-lens material 

deposited adjacent to die micro-lenses of FIGS. 2 and 3. 

[0016] FIG. 6 is a top view of a third array of micro-lenses reflowed 

and cured from the diird micro-lens material of FIG. 5. 

[0017] FIG. 7 is a cross-sectional view taken along line VII-VII of 

FIG. 6. 

[0018] FIG. 8 illustrates a semiconductor-based imager constructed in 

accordance with an exemplary embodiment of die invention. 

[0019] FIGS. 9-11 iUustrate the formation of a micro-lens array in 

accordance witii anodier exemplary embodiment of the invention. 

[0020] FIG. 12 illustrates a process for fabricating die micro-lens array 

of FIG. 6. 

DETAILED DESCRIPTION OF PREFERBED EMBODIMENTS 

[0021] In the following detaUed description, reference is made to die 

accompanying drawings, which form a part hereof and show by way of 
iUustration specific embodiments in which die invention may be practiced. 
These embodiments are described in sufiicient detaU to enable diose skilled m 
die art to practice die invention, and it is to be understood diat odier 
embodiments may be utilized, and tiiat structural, logical, and electrical changes 
may be made widiout departing from die spirit and scope of die present 
invention. The progression of processing steps described is exemplary of 
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embodiments of the invention; however, the sequence of steps is not limited to 
that set forth herein and may be changed as is known in the art, with the 
exception of steps necessarUy occurring in a certain order. 

[0022] The term "wafer" or "substrate," as used herein, is to be 

understood as including siUcon, silicon-on-insulator (SOI) or siUcon-on-sapphire 
(SOS) technology, doped and undoped semiconductors, epitaxial layers of siUcon 
supported by a base semiconductor foundation, and other semiconductor 
structures. Furthermore, when reference is made to a "wafer" or "substrate" in 
the foUowing description, previous processing steps may have been utiUzed to 
form regions, junctions, or material layers in or over the base semiconductor 
structure or foundation. In addition, the semiconductor need not be siUcon- 
based, but could be based on siUcon-germanium, germanium, gallium arsenide 
or other semiconductors. 

[0023] The term "pbcel," as used herein, refers to a photo-element 

unit ceU containing a photosensor device and associated structures for converting 
photons to an electrical signal. For purposes of illustration, a single 
representative three-color pbcel and its manner of formation is iUustrated in the 
figures and description herein; however, typically fabrication of a pluraUty of like 
pbcels proceeds simultaneously. Accordingly, the foUowing detaUed description is 
not to be taken in a limiting sense, and the scope of the present invention is 
defined only by the appended claims. 

[0024] Finally, while the invention is described witii reference to a 

semiconductor-based imager, such as a CMOS imager, it should be appreciated 
that the invention may be appHed in any micro-electronic or micro-optical device 
tiiat requires high quaUty micro-lenses for optimized performance. Otiier 
exemplary micro-optical devices which can employ die invention include CCDs 
and display devices, as well as others. 
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[0025] Referring now to FIGS. 1-7, an array of micro-lenses 110 

(FIG. 6) is shown. The array 110 includes a pluraUty of first micro-lenses 112^, 
a pluraUty of second micro-lenses 112b, and a pluraUty of third micro-lenses 
112a, each pluraUty formed on a substrate 120. The first micro-lenses 112^ are 
formed for green color pixels, the second micro-lenses 112^ are formed for blue 
color pixels, and the third micro-lenses 112^ are formed for red color pixels. The 
second micro-lenses 112^ are shown (FIGS. 4-7) to have a larger size and a 
larger surface area than the first micro-lenses 112g. 

[0026] Each of the first micro-lenses 1 12^ can be formed to have a 

focal length of similar length as die focal lengdis of the second micro-lenses 112^ 
and the third micro-lenses 112^. Alternatively, micro-lenses 112g, 112b, and 
112^ can be formed to have diflFerent focal lengdis. As is known in the art, 
different wavelengdis of Ught are absorbed at diflFerent depths witiiin a 
photosensor. Therefore, micro-lenses 112^, 112^, and 112^ can be formed 
having a focal lengtii optimized for the wavelengtii of Ught to be absorbed, e.g., 
green, blue, and red, respectively. In such a case, micro-lenses 112b can be 
formed having a focal lengdi corresponding to approximately a top surface of an 
underlying photosensor, micro-lenses 112^ can be formed having a focal lengtii 
corresponding to a greater deptii widiin an underlying photosensor, for example, 
approximately between 2 micrometers (ji) to 3 ^ deep, and micro-lenses 112^ 
can be formed having a focal lengdi corresponding to an intermediate depdi 
widiin an underlying photosensor between tiiat of micro-lenses 112b and 112^. 

[0027] The second micro-lenses 1 12b and die diird micro-lenses 1 12^, 

as shown, abut die first micro-lenses 112^, tiiereby reducing die amount of space 
of tiie substrate 120 not covered by a micro-lens. Light transmitted directiy 
tiirough tiie substrate 120 witiiout going tiirough a micro-lens is not properly 
focused relative to any pixel ceUs, and may increase die incidence of cross-taUc 
between pixel ceUs. 



6 



Docket No.: M4065.0965/P965 



[0028] The first micro-lenses 112^ are formed firom a first micro-lens 

material 12^. The first micro-lens material 12^ (FIG. 1) is deposited and 
patterned upon the support substrate 120. The substrate 120 is formed of any 
suitable material which is transparent to electromagnetic radiation. Each 
deposition of the first micro-lens material 12^, has a substantially rectangular 
configuration and each is substantiaUy equal in size with die others. The first 
micro-lens material 12^ is a material which, upon reflow, forms into a soUdly 
cross-linked polymer impervious to subsequent reflow processes. During a 
reflow process conducted under reflow conditions, the substantiaUy rectangular 
configuration of tiie first micro-lens material 12^ is transformed into the first 
micro-lens 112^, which has a somewhat rectangular configuration with rounded 
edges and a curved top. The first micro-lenses 112^, which are transparent to 
electromagnetic radiation, will retain dieir shape even if a subsequent reflow 
process is performed. 

[0029] As shown in FIG. 2, tiiere are spaces S between die micro- 

lenses 112g. Afiier patterning and reflowing die first micro-lens material 12^ to 
form die first solidly cross-linked polymer micro-lenses 112^, a second micro-lens 
material 12b (FIG. 3) is patterned and reflowed on die substrate 120. The 
second micro-lens material I23, patterned in a substantiaUy rectangular 
configuration, is positioned in some of die spaces S between die first micro- 
lenses 112g. AdditionaUy, portions of second micro-lens material 12b can be 
formed overlapping the first micro-lenses 112g- 

[0030] Reflowing and curing of die second micro-lens material 12b 

under reflow conditions, which may diflfer firom die conditions of die reflow of 
die first micro-lens material 12g, forms second micro-lenses 112b, as shown in 
FIG. 4. The second micro-lenses 112b are impervious to subsequent reflow, just 
like die first micro-lenses 112g. The second micro-lenses 112b, which are of a 
different size dian die first micro-lenses 112^, specificaUy, a larger size, are each 
somewhat rectangular in configuration witii rounded corners and a curved top. 
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More particularly, the second micro-lenses 112b have a similar curvature, a 
greater volume, and a larger surface area than the first micro-lenses 112^. It 
should be appreciated that instead, the first micro-lenses 11 2^ may be larger than 
the second micro-lenses 112b. 

[0031] As will be apparent firom a review^ of FIG. 4, spaces S remain 

among the first and second micro-lenses 112^, 112^. In those spaces S, a third 
micro-lens material 12^ is patterned and reflowed (FIG. 5). As wdth the other 
micro-lens material 12^, 12b patterns, the third micro-lens material 12^ pattern is 
substantially rectangular. Also, the third micro-lens material 12r can overlap 
micro-lenses 112^ and/or 112b. After a third reflow process and cure utilizing 
reflow conditions, which may differ from either of the first two reflows and cures, 
third micro-lenses 112^ are formed, which are each somewhat rectangular in 
configuration with rounded corners and a curved top (FIG. 6). 

[0032] The micro-lenses 112^, 112b, are formed, sized and 

configured so as to present a focal length down to a focal plane 122. As noted 
above, micro-lenses 112^, 112b, can be formed having a same focal length 
or a focal length for a particular color of light, specifically green, blue, and red, 
respectively. It should be appreciated that instead, the micro-lenses 112^, 112b, 
112r may be formed, sized and configured to present a focal length to the focal 
plane 122 for the colors of cyan, magenta, and yellow, or any other suitable 
combination of colors. 

[0033] A micro-lens array 110 is thus formed, and includes any 

combination of two or more micro-lenses 112^, 112b, H^r. By fabricating the 
micro-lens array 110 in this way, forming first micro-lenses 112g spaced apart, 
e.g., in a checkerboard fashion, and filling in the spaces S with second and third 
micro-lenses 112b >112r formed in separate processes, bridging between adjacent 
first micro-lenses 112^ and between first, second, and third micro-lenses 112^, 
112b, 112r is diminished. This is because the first micro-lenses 112^ have 
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already gone through a reflow process that has rendered them impervious to any 
subsequent reflow process. Thus, the subsequent reflow of the second micro- 
lens material 12b into the second micro-lenses 112b will not cause bridging 
between the first and second micro-lenses 112g, 112b or between a pair of 
second micro-lenses 1 12^. Likewise, the subsequent reflow of the third micro- 
lens material 12r into the third micro-lenses 112^ will not cause bridging 
between the first and third micro-lenses 112g, 112r, between die second and 
third micro-lenses 112b, 112r, or between a pair of third micro-lenses 112b.. The 
micro-lens array 110 is approximately space-less since the formed micro-lenses 
abut one another. 

[0034] It should be appreciated that the second and third micro-lenses 

112b, 112r may be formed in a single reflow process. Since second and third 
micro-lenses 112b, 112r are spatiaUy separated firom one another, bridging is not 
likely. 

[0035] Referring particularly to FIG. 7, electromagnetic radiation 119 

is transmitted through the micro-lenses 112g, 112b, and 112b. (the latter is not 
shown in the FIG. 7 cross-section). As shown, each of the micro-lenses 112g has 
a different volume than each of the micro-lenses 112b and 112^. However, the 
micro-lenses 112g, I12b, and 112r each can be shaped, configured, and 
conditioned during reflow to create a focal point that extends down to the focal 
plane 122, as shown in FIG. 7. Also, the micro-lenses 112g, 112b, and 112^ 
each can be shaped, configured, and conditioned during reflow to create 
different focal points, which can be optimized for a particular wavelength or 
color. 

[0036] By forming the micro-lenses 1 12g, 1 12b, and 1 12r through 

separate reflow processes, the micro-lens array 110 can be formed to provide 
greater signal strength for pixels that would conventionally exhibit a lower signal. 
For example, blue color pixels tend to produce an inherentiy lower output signal 
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for a given Ught intensity. Thus, the micro-lens array 110 can be formed by 
creating larger micro-lenses, such as the second and third micro-lenses 112b, 
112r for the blue and red color pixels, which will collect more Ught and help 
balance pixel signal strength for the different color pixels of a pixel array. A 
balanced signal between colors assists die dynamic range of the photosensors in 
pbcel cells because it avoids systematically sending pixels of one color into 
saturation while other pixels are only partially saturated. 

[0037] Referring now to FIG. 8, there is shown a semiconductor- 

based imager 134, such as a CMOS imager. The imager 134 includes the micro- 
lens array 110, widi the micro-lenses 112^, 112b, and 112^ (not shown), die 
substrate 120, a color filter array 124, a Ught shield 126, and pixel ceUs 130 
embedded within a wafer 132. Each pbcel ceU 130 includes a photosensor 128. 
As shown in FIG. 8, the micro-lenses 112^, 112b, and 112^ are shaped and 
configured so diat dieir focal lengths coincide with die focal plane 122, which 
runs through the photosensors 128. Alternatively, the micro-lenses 112g, 112b, 
and 112r can be shaped and configured so that each of micro-lenses 112^, 112b, 
and 112r have focal lengths corresponding to different wavelengdis of Ught. 

[0038] With reference to FIGS. 9-11, next wiU be described the 

formation of a micro-lens array 210 having simUarly shaped micro-lenses diat are 
formed in three separate pattern and reflow procedures. A first set of micro-lens 
material is deposited and patterned on die substrate 120. The first micro-lens 
material is subjected to a first reflow process and is cured to form die first micro- 
lenses 112g. As is shown in FIG. 9, die micro-lenses 112g are spaced apart fi-om 
one another. 

[0039] Then, a second micro-lens material with a different thickness is 

deposited and patterned on die substrate 120 in some of the spaces between the 
first micro-lenses 112g. Subjecting die micro-lens array to a second reflow 
process converts the second micro-lens material depositions into second micro- 
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lenses 112b (FIG. 10). If needed, the second reflow process may be conducted 
under diflferent conditions than the first reflow process. 

[0040] Finally, a third micro-lens material is deposited and patterned 

on the substrate in other of the spaces among the first and second micro-lenses 
112g, 112b. a third reflow converts the third micro-lens material patterns into 
third micro-lenses 112r (FIG. 11). If needed, the third reflow process may be 
conducted under different conditions than the first and/or second reflow 
processes. While described in terms of three separate reflow processes, it should 
be understood that the second and third micro-lenses 112b, 112r may be formed 
together in a single reflow process, since these micro-lenses are separated from 
one another and the likelihood of bridging is minimized. 

[0041] As shown in FIG. 11, the micro-lens array 210 is approximately 

space-less, meaning that there is litde to no space on the micro-lens array 210 
between adjacent micro-lenses 112g, 112b, through which unfocussed light 
can be transmitted. 

[0042] An example of reflow conditions are described next. The shape 

of the micro-lenses after being subjected to reflow conditions is defined by 
several factors, including the thickness and type of material used to form the 
micro-lenses, the reflow temperature profile, and any pretreatment of the 
material that changes its glass transition temperature Tg. Examples of such 
pretreatments include ultraviolet light exposure or preheating the material to a 
temperature below the glass transition temperature Tg. An example of first 
reflow conditions may include providing first micro-lens material at a first 
thickness and fi-om a first tj^e of material, exposing the first micro-lens material 
with an ultraviolet light flood exposure of a specific dose, and reflowing at a first 
temperature ramp rate, followed by a cure. Second reflow conditions may 
include providing second micro-lens material of the first type of material at a 
second thickness and reflowing the second micro-lens material with the first 
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temperature ramp rate, followed by a cure. Third reflow conditions may include 
providing a third micro-lens material of a second material type and of a third 
thickness, pre-heating the material to a temperature below the transition glass 
temperature Tg of the third micro-lens material for a set period of time, and then 
reflowing at a second temperature ramp rate, followed by a cure. 

[0043] Next will be described a process for forming the micro-lens 

array 110 with reference to FIG. 12. At Step 150, the first micro-lens material 
12q is patterned on the substrate 120. The patterning, as described above, can 
be a checkerboard pattern, which includes spaces between portions of the first 
micro-lens material 12^ . A single reticle may be used to prepare each of the first 
micro-lens material 12^ patterns. In the patterning step, a thin film of micro-lens 
material of a first thickness is coated on the substrate, the material is exposed 
using a suitable mask, and it is developed to either dissolve the exposed micro- 
lens material (positive resist) or dissolve the unexposed micro-lens material 
(negative resist). At Step 155, the first micro-lens material 12^ is reflowed at a 
first condition. Reflowing of the first micro-lens material 12^ turns the material 
into the first micro-lenses 112^. At Step 160, the micro-lenses 112^ are cured, 
thus forming a checkerboard pattern of solidly cross-linked first micro-lenses 
112^. 

[0044] At Step 165, the second micro-lens material 12b is patterned on 

the substrate 120 in some of the spaces between the first micro-lenses 112^. A 
single reticle may be used to prepare each of the second micro-lens material 12b 
depositions. If the second micro-lens material 12b patterns are of the same size 
as the first micro-lens material 12^ patterns (as described with reference to FIGS. 
9 and 10), the same reticle as was used for the pattern of the first micro-lens 
material 12^ patterns may be used for the pattern of the second micro-lens 
material patterns 12b. For the pattern of the second micro-lens material 12b, 
reticle is shifiied in the stepper job. 
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[0045] At Step 170, the second micro-lens material 12b be 

reflowed at a second condition to form the second micro-lenses 112^. The 
second condition may diflfer from the first condition, for example, by varying the 
exposure and/or the dose of bleaching or the step baking temperature. By using 
different reflow conditions, the first micro-lenses 112^ and second micro-lenses 
112b can be formed having same or different focal lengths. At Step 175, a 
second cure is performed. 

[0046] At Step 180, third micro-lens material 12r is patterned in 

remaining open spaces between the micro-lenses 112^, 112b. At Step 185, the 
third micro-lens material 12^ may be reflowed at a third condition to form the 
third micro-lenses 112^. The third condition may differ from the first and 
second conditions, for example, by varying the doses of exposing and/or 
bleaching or the step baking temperature. By using different reflow conditions, 
the third micro-lenses 112r can be formed such that their focal lengths are the 
same or different than the focal lengths of the first and second micro-lenses 
112g, 112b. At Step 190, a third cure is performed. 

[0047] While the invention has been described in detail in connection 

with exemplary embodiments known at the time, it should be readily understood 
that the invention is not limited to such disclosed embodiments. Rather, the 
invention can be modified to incorporate any number of variations, alterations, 
substitutions or equivalent arrangements not heretofore described, but which are 
commensurate with the spirit and scope of the invention. For example, while the 
micro-lens arrays 110, 210 are shown with micro-lenses abutting one another, 
since multiple reflow processes are performed, subsequentiy formed micro-lenses 
can overlap previously formed micro-lenses. Furthermore, instead of three 
reflow processes, only two reflow processes may be performed, or more than 
three reflow processes may be performed. Accordingly, the invention is not to 
be seen as limited by the foregoing description, but is only limited by the scope 
of the appended claims. 
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